Abstract Cerebral spinal fluid (CSF) from brain tumor patients contains tumor cellular and cell-free DNA (cfDNA), which provides a less-invasive and routinely accessible method to obtain tumor genomic information. In this report, we used droplet digital PCR to test mutant tumor DNA in CSF of a patient to monitor the treatment response of metastatic melanoma leptomeningeal disease (LMD). The primary melanoma was known to have a BRAF V600E mutation, and the patient was treated with whole brain radiotherapy and BRAF inhibitors. We collected 9 CSF samples over 6 months. The mutant cfDNA fraction gradually decreased from 53 % (time of diagnosis) to 0 (time of symptom alleviation) over the first 6 time points. Three months after clinical improvement, the patient returned with severe symptoms and the mutant cfDNA was again detected in CSF at high levels. The mutant DNA fraction corresponded well with the patient's clinical response. We used whole exome sequencing to examine the mutation profiles of the LMD tumor DNA in CSF before therapeutic response and after disease relapse, and discovered a canonical cancer mutation PTEN R130* at both time points. The cellular and cfDNA revealed similar mutation profiles, suggesting cfDNA is representative of LMD cells. This study demonstrates the potential of using cellular or cfDNA in CSF to monitor treatment response for LMD.
Introduction
Leptomeningeal disease (LMD) is a distinct subtype of central nervous system (CNS) metastases, defined as the spread of tumor cells into the membranes surrounding the brain, spinal cord, and cranial nerves. LMD is diagnosed in approximately 5 % of patients with metastatic cancer, and is mostly commonly associated with breast cancer, lung cancer, and melanoma [1, 2] . Treatment of LMD may include radiation, intrathecal chemotherapy, or systemic chemotherapy. Regardless of treatment method, the prognosis remains poor, with survival ranging from weeks to months after diagnosis [1, 2] . Chemotherapy may not adequately penetrate the CNS, or LMD is treatment resistant. The lack of information regarding the genetic profile and molecular biology of LMD has Yingmei Li and Wenying Pan contributed equally to this work.
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significantly stymied research into an effective treatment of this disease [3, 4] . Conventional diagnostic approaches for LMD-CSF cytology and MRI imaging-have limited precision and accuracy, and frequently require multiple invasive procedures or studies to establish a definitive diagnosis. Even when positive, cytology and MRI do not provide quantitative analysis of treatment response, genomic information on targetable mutations, or insight into evolving tumor biology. CNS-penetrant therapies (e.g. erlotinib, dabrafenib) could be targeted to the LMD mutation profile (e.g. EGFR, BRAF), but until recently, a reliable method to test CSF for the genetic aberrations of brain tumors did not exist. Recent advances in the analyses of cell-free DNA (cfDNA), low level cellular DNA, and circulating tumor cells (CTCs), have made it possible to evaluate the various tumor mutation profiles [5] . This has important implications for guiding targeted therapeutics, accurately diagnosing and monitoring of LMD, and furthering our understanding of the genetic profile unique to LMD.
While systemic tumor cfDNA in human blood has great potential for cancer diagnosis, prognosis and treatment, this has not been demonstrated for plasma cfDNA in brain tumor patients [5, 6] . CSF from patients with LMD contains CTCs, and CSF contains cellular and cfDNA from metastatic and primary brain tumor cells, all of which can provide a lessinvasive and routinely accessible method to obtain genomic information about brain tumors [5, 7, 8] . Although CTCs represent a useful source of LMD genetic information, they require a biased method of targeted capturing. In contrast, cellular and cfDNA can be easily isolated after centrifugation, and do not select cells based on a particular expression profile (e.g. EpCAM). Here we use tumor cellular and cfDNA from CSF to monitor the therapeutic response of a patient with LMD from a primary melanoma with a BRAF V600E mutation. We discuss the clinical significance of CSF examination using PCR-based techniques for accurate detection of characteristic mutations in LMD, the potential for monitoring response to therapy, and the potential to unveil key genes involved in this tumor's malignant spread.
Methods and materials

Study design
A patient with elevated intracranial pressure from melanoma metastatic to the leptomeninges underwent serial therapeutic lumbar punctures (LPs). Patient samples were obtained through a Stanford University Hospital Institutional Review Board-approved informed consent process. Access of CSF was performed for clinical necessity and only excess CSF not required for pathologic diagnosis was utilized in this study; no procedures (e.g. LPs) were undergone for the exclusive purpose of research. CSF samples were always taken from the last tube of the procedure. Figure 1 depicts the overall study design. The blood and CSF samples were collected and centrifuged to separate cfDNA and cellular DNA. DNA was then extracted and prepared for droplet digital PCR (ddPCR) and exome sequencing, respectively, as described below.
Sample processing
CSF was spun down (1000 g, 10 min) within 2 h of collection. The supernatant containing cfDNA, and precipitant containing cellular DNA, were kept at -80°C until ready for DNA extraction. The blood sample was separated into plasma and blood cells by centrifugation (1000 g, 10 min). The plasma went through another centrifugation (10,000 g 10 min) to remove residual cells. DNA from CSF was extracted with a QIAamp Circulating Nucleic Acid Kit (Qiagen), while DNA from blood cells was extracted with a QIAamp DNA Mini Kit (Qiagen). Cellular DNA, extracted from the precipitant of CSF or blood cells, was fragmented by sonication (S220 focused ultrasonicator, Covaris). The size distribution of DNA was measured by a fragment analyzer (Advanced Analytical).
Droplet digital PCR
The droplet digital PCR (ddPCR) assays were performed by a QX100 TM Droplet Digital TM PCR System (Biorad) following the manufacturer's instructions. Each cfDNA sample was mixed with primers and fluorophore labeled probes (FAM for mutant, HEX for wild type). Cellular DNA was sheared into 300 base pair fragments by sonication before preparing the PCR mix. After PCR, the droplet reader detected fluorescent signals in each droplet. The concentration of the target mutant (C MUT ) and wild-type (C WT ) DNA in the PCR mix was calculated automatically by QuantaSoft software (Biorad) in copies/uL. The mutant allele fraction (MAF) was calculated for each sample with the following equation:
Concentrations of mutant and wild-type alleles were calculated with the following equations:
where C MUT_ori is the mutant allele concentration in the original CSF or plasma (copies/mL); C WT_ori is the wildtype allele concentration in the original CSF or plasma (copies/mL); V O is the original volume of CSF or plasma used for DNA extraction; V E is the elution volume generated from the DNA extraction; and V P is the volume of DNA solution used in final PCR mix. The volume of the final PCR mix was 20 lL.
Whole exome sequencing
Ten nanograms of cfDNA from CSF and 200 ng of matched normal DNA (from blood) were used to prepare indexed Illumina libraries. The DNA was fragmented to about 300 base pairs by sonication (S220 focused ultrasonicator, Covaris) before library construction. The Illumina libraries were constructed using KAPA Hyper Prep Kit (Kapa Biosystems). NimbleGen SeqCap EZ Human Exome Library (Roche) was used to capture DNA from exonic regions. Approximately 100 million reads per library were sequenced using 150-bp paired-end runs on NextSeq sequencing system (Illumina) and were analyzed as previously described [5] . Briefly, we first trimmed the raw FASTQ reads with Trimmomatic [9] , and aligned the trimmed reads to human reference genome (hg19 assembly) with BWA software [10] . PCR duplicates were then removed using the Picard MarkDuplicates program, and reads were piped through GATK Indel Realignment and BaseRecalibration [11] . Somatic single-nucleotide variants (SNVs) were identified with MuTect [12] and annotated with ANNOVAR software [13] .
Results
Clinical case
A 45-year-old patient with previously diagnosed, but unstaged, melanoma began experiencing headaches, nausea, and vomiting. An MRI of the brain showed abnormal contrast enhancement of right cranial nerves VII and VIII in the internal auditory canal ( Fig. 2a ; red arrow). LMD and increased intracranial pressure were confirmed by LP and cytology ( Fig. 2b ; blue arrow). The patient underwent whole brain radiation therapy with concurrent temozolomide (WBRT 37.5 Gy; TMZ 75 mg/m 2 ; Fig. 3a , time point 1) for treatment of the LMD. The primary melanoma was BRAF positive and he was started on dabrafenibtrametinib (Fig. 3a, time point 2) . The patient successfully responded to therapy and reported resolution of his symptoms approximately 2 months after beginning treatment (Fig. 3a, time point 6 ). Unfortunately, 3 months later the patient's symptoms returned (Fig. 3a, time point 7) , and despite ipilimumab therapy, he developed hydrocephalus for which he underwent ventriculoperitoneal shunt placement (Fig. 3a, time point 9) .
Detection of tumor cfDNA in CSF
Melanoma routinely undergoes clinical mutation testing to determine the most appropriate targeted therapeutic. As a result, the primary melanoma tumor of our patient was known to have a BRAF point mutation 1799 T [ A (V600E). The melanoma cells metastatic to the leptomeninges of the brain contained this same characteristic mutation, as detected with ddPCR in CSF on the day of cytologic diagnosis with the first LP (Fig. 3a, time point 1) . Plasma cfDNA did not contain the mutant allele (Fig. 3c) . The concentration and ratio of mutant DNA decreased as the patient's clinical status improved following treatment for LMD, including whole brain radiation and dabrafenibtrametinib (Fig. 3a) . As the patient's symptoms of severe headaches, nausea, and vomiting resolved, the mutant fraction decreased progressively; the BRAF mutation was After DNA extraction (3) cellular DNA from CSF and blood underwent exome sequencing to identify tumor mutations. cfDNA from plasma and CSF was utilized to determine the mutant fraction of the known BRAF mutation via ddPCR undetectable in CSF at the point of clinical recovery. As the CSF samples were collected only when a clinically indicated LP was performed, we do not have additional sample time points when the patient was not having symptoms (time point 6 to 7, Fig. 3a) . After 3 months, when the patient returned with recurrence of his symptoms (headache, nausea, vomiting), the mutant tumor DNA was again detected in CSF at a high fraction (time point 7).
We compared the tumor cellular and cfDNA contributions in CSF (see supplementary Fig. S1 ). The cellular DNA from the 7th time point had a similar mutant allele fraction (54 %) as its cell-free compartment (60 %). In comparison to the mutant allele fraction, total cfDNA in CSF likewise followed the clinical response to therapy and relapse (see supplementary Fig. S2 ).
Exome sequencing
Exome sequencing was performed on DNA from CSF and blood cells from pretreatment (Fig. 3a, time point 1) and relapse (Fig. 3a, time point 8) to identify cancer mutations. The pretreatment sample was from cfDNA in CSF, with a limited amount of DNA available for sequencing (*5 ng). At relapse we were able to collect over 100 ng of CSF cellular DNA for sequencing. Not surprisingly, given the larger amount of DNA available for sequencing in the latter CSF sample, the relapse data had higher sequencing coverage and fewer artifacts as shown in Fig. 4 . In both pretreatment and relapsed samples, 47 nonsynonymous SNV mutations appeared (highlighted in blue in Fig. 4 ; mutual). These mutations tended to have higher sequencing coverage and mutant allele frequency. The mutant allele reads were generally more than 15 in the pretreatment sample and 25 in the relapsed sample, increasing the likelihood that these were true mutations. Two canonical tumor mutations, BRAF
V600E
and PTEN R130* , were present in both samples (highlighted in red in Fig. 4; canonical) . The other identified mutations (highlighted in grey in Fig. 4 ; nonmutual) have either low sequencing coverage or low tumor allele frequency, and are likely artifacts caused by sequencing error, PCR error, or misalignment. Several other mutations occurred in cancer census genes (http://cancer.sanger.ac.uk/cancergenome/pro jects/census/), but did not fall into canonic cancer mutation loci (pretreatment and relapse samples; Table 1 ). Of these mutations, none were shared between the pretreatment and relapse samples (included in grey mutations in Fig. 4) . The mutant allele reads were all less than 10, making it difficult to draw any definitive conclusions. See tabulated data sheet in Supplementary Information 2.
Discussion
While current clinical cytology tests provide no genetic information of tumor cells and no quantitative assessment of disease severity (supplementary Table S1 ), cell-free DNA is a valuable tool in the diagnosis, prognosis, and monitoring of therapy response in various cancer types, such as breast, lung, ovarian, and prostate [14] [15] [16] [17] . cfDNA for tumors in the CNS has rarely been studied due to the difficulty of detecting CNS tumor cfDNA in plasma [5, 18] .We were unable to detect mutant cfDNA in the plasma (Fig. 3c) even though plasma contained a higher total concentration of cfDNA. We were, however, able to detect two distinct populations of mutant and wild-type cfDNA in CSF. Our inability to detect mutant cfDNA in plasma likely resulted from the active metastatic disease being confined to the CNS. Thus, CNS tumor DNA in CSF was more representative of the disease then could be determined in plasma, suggesting it as a useful tool for detailing the extent, progression, and genetic characteristics of metastatic CNS disease.
Our time-course analysis of CSF tumor cellular and cfDNA was highly correlated with therapeutic response and relapse. Besides the mutant allele fraction, the overall trend of total cfDNA suggested a higher cfDNA amount corresponded with more severe symptoms (see supplementary Fig. S2) , however, the total cfDNA amount may have artifacts depending on sample handling, extraction process and storage, making it less reliable than the mutant Fig. 3 The fraction of mutant BRAF cfDNA in CSF mirrored the clinical symptoms of LMD from metastatic melanoma. a The patient presented to clinic (1) with severe headaches, nausea, and vomiting. Cytology and MRI were consistent with LM metastases of his BRAFmutated melanoma. The patient started whole brain radiation (RT) and temozolomide (2) . He completed RT/temozolomide and began dabrafenib-trametinib, however, the patient's symptoms persisted. As his symptoms began to improve (3) (4) (5) , the fraction of mutant DNA in the CSF likewise decreased. When the patient was asymptomatic (6) the BRAF mutation was undetectable in CSF. As the patient was clinically well, additional lumbar punctures were not indicated (6-7).
Ninety days later (7), the patient represented to clinic with severe headaches, nausea, and vomiting. He also developed hydrocephalus, requiring placement of a ventriculoperitoneal shunt (9) . b Examples of ddPCR plot (time point 8) for CSF cfDNA showing a BRAF mutant fraction of 38 %. Mutants are clustered in the upper left corner with high FAM fluorescent intensities (blue), wild-type is clustered in lower right corner with high HEX fluorescent intensities (green). c Corresponding ddPCR plot (time point 8) for plasma cfDNA did not detect the BRAF mutation, indicating plasma cfDNA was not reflective of the tumor mutation profile within the CNS fraction to monitor treatment response. As the samples were only collected during a clinically indicated LP, 3 months had elapsed between the patient's symptom resolution and return. If we had CSF samples during that intervening period, prior to the time of clinical recurrence, could we have predicted the return of symptoms? Given the potential morbidity associated with an LP, without these preliminary data showing that the tumor mutant fraction correlates with clinical response and relapse, LPs for the express purpose of research would not have been appropriate. Although we have matched samples from the same patient who serves as his own control, this initial study follows only one patient; additional longitudinal studies with multiple samples from multiple patients is an important next step.
LMD from melanoma and other solid tumors is frequently treated with whole brain radiation, which merely delays disease progression and involves numerous deleterious side effects. Targeted therapies have shown promising responses for both parenchymal and leptomeningeal brain metastases [19, 20] . Vemurafenib has demonstrated improved survival in melanoma with BRAF V600E [21] , and the use of BRAF kinase inhibitors for the treatment of brain metastases is currently under investigation in clinical trials [22] [23] [24] [25] . In the future, digital PCR-based assessment of tumor DNA in CSF may allow for an objective assessment of a clinical response to therapy, and allow for a determination of a BRAF mutation in patients with isolated CNS disease, without the need for an invasive brain tumor tissue biopsy.
As is frequently the case in patients with metastatic melanoma, the initial primary tumor biopsy was done at an outside facility, tested for a BRAF mutation, and no tissue was available for comparison to our LMD samples. Ideally the cfDNA within CSF would be compared to a metastatic deposit in the CNS, however, this is not possible as such a procedure would be contraindicated and morbid. The biologic equivalent to open LM CNS tissue are the LM cells that shed themselves circulating within the CSF. We found that exome sequencing of the LM cell pellet (LM tissue diagnosis equivalent) was similar to exome sequencing of cfDNA from the same sample. This finding suggests that even when LM cells are not captured in a patient with LMD, tumor cfDNA in CSF would reliably reflect the genetic profile of LM tumor cells within the CNS.
While sample scarcity and low levels of DNA within CSF limited our capacity to perform exome sequencing on multiple time points, important information was gained from the samples obtained at presentation and recurrence. Similar mutation profiles in both data points suggest no substantial evolution of tumor cells after LMD diagnosis. Although the mutant allele fractions of BRAF V600E and PTEN R130* differed between the two time points, both increased about 25 % at the time of recurrence, conceptually supporting the existence of a single clonal tumor cell population. PTEN and BRAF genes are known to be common driver mutations in many cancers, and the loss of PTEN has cooperated with activation of BRAF in the progression [26] and metastasis [27] of melanoma. Moreover, PTEN loss plays a critical role in the resistance of BRAF inhibitor chemotherapy [28] . In this case, PTEN loss was present before targeted treatment, calling into question if the initial symptom alleviation may have been a response to whole brain radiation or the targeted therapeutics.
The characteristic pattern of LMD growth and poor prognosis suggests an underlying tumor genetic profile distinct from solid metastatic tumors. Next-generation sequencing techniques have allowed us to accurately sequence progressively smaller amounts of DNA, techniques necessary to process the scarce tumor cellular and cfDNA present in LMD. Exome sequencing of melanoma LMD revealed interesting mutations in non-cancer genes, which may be linked to the unique biology of LMD. For example, several genes involved in cell motility and adhesion were identified, and are also hypothesized to have an effect on cancer metastasis. ARHGAP30 is reported to play a role in cell migration, focal adhesion dissolution, and its ectopic expression results in membrane blebbing and dissolution of stress-fibers and focal adhesions [29] . Other genes encode important components related to cytoskeleton and cell plasticity, such as DRC7 [30] and LPPR1 [31] . Confirmation of the role of these genes in LMD requires further validation, including more robust analysis of LMD at the RNA level.
Conclusion
LMD tumor cellular and cfDNA from CSF can identify characteristic mutations that have clinical implications for selection of targeted therapeutics or to monitor treatment response. The mutant allele fraction in cfDNA quantified by ddPCR corresponds well with clinical response, and opens the possibility of broadening the scope of our project to additional patients with LMD from a variety of primary tumor sources. Our bulk exome sequencing results indicated that cfDNA in CSF can comprehensively reflect the LMD genomic profile. Future studies may investigate the transcriptome at the bulk and single-cell level to explore the mechanism of tumor metastasis and relapse.
